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Abstract 
 
Curing and gelation of N,N,N’,N’-tetraglycidyl-4,4’-diaminodiphenylmethane (TGDDM-
AralditeMY721), in the presence of an anhydride hardener mixture was studied by 
calorimetric and dynamic rheological measurements. Cure kinetics of the homogeneous 
and low temperature curable epoxy-system were evaluated from 40oC to 140oC and 
apparent activation energies of the curing reaction were calculated from different 
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thermokinetic models. By comparison of different calorimetric and rheological methods, it 
was found that the results from the isothermal calorimetric measurements are in a good 
agreement with the results obtained from isothermal rheological experiments, while the 
kinetic parameter calculations based on dynamic calorimetric measurements are not 
reliable results. These differences mainly arise from the fact that dynamic measurements 
have many underlying assumptions and do not consider the equilibrium condition. 
 
Keywords: Epoxy-Anhydride Curing, Low Temperature Curing Networks, Differential 
Scanning Calorimetry, Dynamic Rheometry 
1 Introduction 
Epoxy resins probably belong to the most important class of thermosetting materials. 
Due to their application versatility, good processability, low cost and high performance, 
epoxy resins are nowadays well established and widely used for many technical 
applications such as coatings, composite matrices, potting compounds, encapsulants or 
structural adhesives [1-3]. 
Since their first commercialization in the early forties many epoxy-hardener 
combinations have been developed to reach a high glass transition temperature. However, 
most reported systems [4-6] typically require high curing temperatures for several hours to 
achieve a high glass transition temperature. The final temperature stability in terms of the 
glass transition temperature is always in the range of 20-50°C above the maximum applied 
curing temperature. This fact has had the enormous disadvantages that the crosslinking 
reaction takes long time intervals at high temperatures resulting in very expensive 
processing to achieve high temperature performance. 
Recently [7], an approach was shown that different aminoglycidyl resins formulations 
can be cured with a co-anhydride system at relatively low curing temperatures, but still yield 
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high temperature properties (Tg > 200°C). However, all reported systems showed the major 
drawback of unreacted residues of the high melting pyromellitic dianhydride (PMDA) 
yielding an inhomogeneous network structure [8]. The unreacted hardener mainly results 
from partially dissolved anhydride hardener, because processing and curing took place at 
relatively low temperatures. 
In this paper we present a study of the calorimetric and rheological characterization of 
a high performance epoxy system, which is curable at ambient temperatures. A cross-
comparison of different methods of thermal analysis with the rheological data can assess 
the applicability of the two methods. The investigated epoxy system consisted of a 
tetrafunctional epoxy resin based on N,N,N’,N’-tetraglycidyl-4,4’-diaminodiphenylmethane 
(TGDDM) cured with a low melting hardener mixture consisting of maleic anhydride (MA) 
and hexahydrophthalic anhydride (HHPA). The hardener combination shows a liquid 
eutectic mixture at room temperature and is curable at ambient temperatures. Finally, it still 
achieves high temperatures properties like high glass transition temperatures and does not 
show the disadvantage of the partially undissolved and remaining crystalline hardener in 
the cured network structure. 
1.1 The Catalyzed Curing Reaction 
Anhydride cured epoxy resin formulations often include tertiary amines as catalysts [1]. 
Curing paths in anhydride cured epoxies are not as well understood as in the case of 
amines used as hardeners [1]. In particular, the initiation mechanism remains still unclear 
and several possible pathways were suggested [9-11]. Unfortunately, none of those 
mechanisms have been fully validated yet. However, the catalyzed reaction as suggested 
by Fischer [12] seems to be the most likely today. He found certain evidence that a tertiary 
amine first opens the anhydride ring in a nucleophilic attack as illustrated in Figure 1  
(step1). The activated complex contains an anionic site and thus, it is able to open the 
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oxirane ring to form mono-ester: Figure 1 (step 2). Moreover, the resulting mono-ester 
structure can further react with an anhydride to a di-ester as depicted in Figure 1 (step 3). 
That reaction path is followed until two “living polymers” recombine and tertiary amine is 
released Figure 1 (step 4). Usually the catalyst or accelerator must be added as an external 
reactant to the formulation. However, in this study the aminoglycidyl monomers provide the 
catalytic tertiary amine sites from its own structure. 
1.2 Uncatalyzed Curing Reaction 
 
In the absence of tertiary amines (which in this system could occur if TGDDM is 
insufficiently basic for catalysis) the uncatalyzed reaction mechanism as shown in Figure 2 
has been proposed by Fisch and Hoffman [13, 14]. During the hydroxyl-anhydride initiation, 
the OH-group donates its proton and thus opens the anhydride ring and generates an ester 
group and a carboxylic acid group as shown in Figure 2 (step1). The carboxylic acid then 
reacts with another epoxy group, yielding a secondary hydroxyl group and then forming a 
diester (step 2 and step 3). Ideally, this reaction proceeds now by the alternating addition of 
anhydride and epoxy until the sequence is terminated by condensation of one terminal 
carboxylic acid and alcohol to an ester linkage. 
 
1.3 Dynamic Differential Scanning Calorimetry  
Dynamic DSC has been widely used for studying chemical crosslinking reactions [11-
22]. Typically, the curve features an exothermal peak, the area of which is proportional to 
the reaction enthalpy. As a basic assumption, the absolute recorded value of heat 
flow, dt/dH , relative to the instrumental baseline is proportional to the reaction rate or rate 
of conversion, dtdα : 
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dt
d
dt
dH α~  eq. 1 
Further, it is assumed that there are no other enthalpic events than the chemical 
reaction of curing contributing to the heat flow 
A number of studies have used different methods to calculate kinetic parameters from 
dynamic DSC scans [15-26]. An example of a single heating method is the relation from 
Barrett [15], based on the following general expression used in the analysis of dynamic 
DSC data [16], where the rate of conversion, dtdα , and the rate constant, k , leads to  
eq. 2: 
)(αα kf
dt
d
=  eq. 2 
At a given time during the DSC scan, t , and temperature, T , )(αf  is some function 
of fractional conversion, α , and is assumed for a reaction of n-order as: 
nf )1()( αα −=  eq. 3 
The apparent rate constant, k , is assumed to have an Arrhenius dependence on 
temperature as shown in eq.4, 



−=
RT
EAk exp  eq. 4 
where A  is the frequency factor, E  the activation energy, R  the universal gas 
constant and T  the absolute temperature. 
Combining eq. 2 to eq. 4 and transforming into the logarithmic form leads to the 
following expression of eq. 5: 
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RT
EAn
dt
d
−=



−
ln
)1(
ln
α
α
 eq. 5 
If the reaction order, n , is known, Barrett [15] proposed a plot of the left-hand side of 
eq. 5 against the inverse absolute temperature T1 . A value for the apparent activation 
energy can be obtained from the slope of the linear regression. 
To calculate a value for the reaction order, eq. 5 can be rearranged and the derivative 
taken with respect to ( )α−1ln  yielding eq. 6: 
( )
n
d
d
R
E
d
d Tdtd +
−
⋅−=
− )1ln()1ln(
ln 1
αα
α
 eq. 6 
This is the Freeman-Carroll relation in terms of fractional conversion [19]. In a plot of 
( ) ( )αα −1lnln dd dtd  versus )1ln(1 α−dd T  the reaction order and the activation energy can 
be obtained from the linear regression. In the experiment, the differentials can be 
substituted with the fractions of the differences in the following way, which, at the applied 
sampling rate of one value per second, is a suitable approximation: 
y
x
dy
dx
∆
∆
=  eq. 7 
All of the above methods are predicated on the assumption that simple n-th order 
kinetics are able to describe the entire cure reaction of an epoxy-anhydride system. It is 
known that many systems show autocatalysis (described by eq. 12 below) so the value of 
the above methods for analyzing a single temperature scanned DSC curve is limited. 
Other reported theories, which are independent of the reaction order, were obtained 
from dynamic DSC experiments, for instance the Kissinger [18] (see eq. 8) and the Ozawa 
[21] relations (see eq. 9), where φ  is the heating rate and mT  the temperature at the peak 
maximum: 
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φ
 eq. 8 
mT
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1
ln
052.1 ∆
∆
⋅−=
φ
 eq. 9 
Rogers and Smith [26] judged these methods as inaccurate for complex reactions 
( 1≠n ), because the conversion up to the exothermal peak maximum of the dynamic DSC 
scan, mα , is independent of the heating rate, ϕ , and nearly equal to unity. According to 
Rogers and Smith [26] this is only true for 1≈n , while otherwise, mα  shows a heating rate 
dependency. 
To avoid this problem, Rogers and Smith [26, 27] proposed the following relation from 
eq. 10 to calculate the activation energy, with loss of the independence of the reaction 
order n . The rate of conversion at the peak maximum is written as 
mdt
dα : 
( )m
mdt
d
mnRTE
αφ
α
−
=
1
2
 eq. 10 
With this value and a modification of Kissinger’s approach [18] the frequency factor, 
A , can be further calculated and eq. 11 applies: 
( )
2
exp
m
RT
E
nRT
E
A m
φ
=  eq. 11 
All of the above temperature scanning methods for kinetic analysis have been 
incorporated into commercial software with little detail often being given of the underlying 
assumptions and limitations. In this study we wish to give a critical analysis of these 
methods when compared with isothermal techniques for analysis of resin cure. 
 
1.3 Isothermal DSC experiments 
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Isothermal DSC experiments have been used in several studies to calculate various 
kinetic parameters [16, 20, 25, 28-38]. Curing kinetics of a reaction with an autocatalytic 
and a noncatalytic part was first analytically described by Kamal and Sourour [31, 36]. Later 
this approach was modified by Kenny et al. [32, 33, 39, 40], who developed and proposed 
the mathematical relation with respect to the maximum achievable conversion, maxα , as 
shown in eq. 12: 
( ) ( )nmkk
dt
d
ααα
α
−⋅+= max21  eq. 12 
The reaction rates, k1 and k2, are assumed to have an Arrhenius temperature 
dependence, where 2,1E  denotes the activation energy and 2,1A  the frequency factor of the 
part reactions: 




−=
RT
E
Ak 2,12,12,1 exp  eq. 13 
By a linear regression of 2,1ln k  versus T1  the activation energies and frequency 
factors of the noncatalytic and autocatalytic reactions can be calculated separately. 
 
1.4 Rheology measurements 
The successful processing of thermoset materials requires accurate knowledge and 
precise control of the viscosity development during the crosslinking reaction. Especially the 
changes in viscosity during the fluid to solid transformation, at a certain degree of 
conversion, determine many aspects of the processing, e.g. equipment, temperature 
window and deformation regime of processing. 
The prediction of the onset of gelation by dynamic rheometry has been the subject of 
many studies in the past. For epoxy resins, the determination of the crossover point 
between the storage (G’) and the loss (G’’) modulus has been widely established as a 
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reliable method [41, 42]. Furthermore, this method has gained widespread use in various 
thermoset systems like TGDDM/DDS epoxies [41], diglycidyl ether of bisphenol-A (DGEBA) 
based epoxies, highly filled epoxy novolac systems [43] and polyimides [44]. 
2 Experimental Section 
2.1 Materials 
The epoxy resin used was a commercial AralditeMY721, mainly based on N,N,N’,N’-
tetraglycidyl-4,4’-diaminodiphenylmethane (TGDDM), supplied by Vantico, Switzerland. An 
anhydride hardener mixture consisting of maleic anhydride (MA) and hexahydrophthalic 
anhydride (HHPA), both supplied by Fluka, was utilized to cure the TGDDM resin. The 
chemical structures of these materials are shown in Figure 3. The mixing ratio by weight 
was 100/48/32 (TGDDM/MA/HHPA), reflecting a stoichiometric anhydride to epoxy ratio, r, 
of 0.8. 
The viscosity of the MY721-resin epoxy monomer was reduced by preheating to 65°C, 
before the premixed hardener-mixture was added and dissolved with an Ultraturrax-high 
shear mixer at 13.500 rpm for 5 minutes to obtain a homogeneous mixture. To prevent a 
temperature rise and any further reaction during mixing, all samples were cooled during the 
mixing process in ice water. Afterwards, the mixture was degassed for 3 minutes at 
pressures below 100 mbar and stored in liquid nitrogen in order to prevent further curing. 
2.2 Differential scanning calorimetry (DSC) 
The epoxy mixture was filled (10±2 mg), in sealed aluminum pans with a pin-hole in 
the lid and stored in liquid nitrogen to prevent further curing. 
All measurements were carried out on a Perkin-Elmer differential scanning calorimeter, 
Model DSC-7. The dynamic scans were performed at heating rates of 2.5, 5, 10, 15 and 
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20°C/min, respectively, in a temperature range from –60°C to 300°C. Isothermal runs were 
accomplished at 100, 110, 120, and 140°C. Following isothermal runs, a dynamic scan was 
performed at 10oC/min to measure the residual reaction enthalpy and thus the extent of 
reaction at the end of each isothermal run. 
2.3 Rheology measurements 
A Bohlin dynamic rheometer (CVO75) was used to determine the rheological 
characteristics of the epoxy formulation. Complex viscosity, η*, storage modulus, G’ and 
loss modulus G’’ were obtained by oscillatory shear measurements. All measurements 
were carried out in a plate–plate configuration (diameter (D) = 40 mm; gap (H) = 0.3 mm) at 
temperatures of 30, 40, 50, 60, 70, 80, 90, and 100°C, respectively. Isothermal dynamic 
tests were performed to measure the gel point, as the time where the storage (G’) and loss 
(G’’) moduli cross over (tan δ = 1), at a constant frequency, ω. All tests were made at a 
frequency of 1 Hz and a strain of 3%. The temperature reached the set point 1min after 
sample insertion. The steady state temperature was kept to within 0.5°C of the set point. 
3 Results and Discussion 
3.1 Dynamic DSC scans 
The overall cure behaviour of the MY721 in combination with only pure MA or HHPA 
and the mixture of both hardeners was followed by using DSC and the results are shown in 
Figure 4. It can be observed that all systems react in an exothermic manner and show 
autocatalytic behaviour. The combination of both hardeners results in a single exothermal 
event and no overlapping exothermic doublet peak was detected in the kinetic DSC-scan, 
which confirms the existence of eutectic hardener mixture. Furthermore, if only MA is used 
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as hardener, the exothermic peak temperature is lower than when HHPA alone is used as 
hardener, showing that MA reacts faster with MY721. 
The influence of different heating rates on the curing behaviour is illustrated in Figure 5. To 
compare the different runs, the measured heat flow, dtdH  [W], was normalized by the 
sample weight, m  [g], and the heating rate, dTdH=φ  [°C/min]. The resulting unit is the 
specific heat, ( )mdTdH ⋅  [J/g°C]. The exothermal peak area in a plot of the specific heat 
as a function of temperature represents the reaction enthalpy of curing. The observed 
broad exothermal reaction, which starts above 250°C, reflects the onset of thermal 
degradation reactions, which is in accordance with earlier reported results from Morgan et 
al. [45] for a MY721 system. It was observed that an increasing heating rate shifted the 
onset-, peak- and offset- temperatures of the curing reaction to higher temperatures. 
Additionally, it reduces the peak height, the peak area and therefore the exothermic 
reaction enthalpy, as tabulated in Figure 5 (above the diagram). This kind of dependency 
was also in accordance with other studies on epoxy-systems [38, 46, 47], but the decrease 
in ∆H with increased heating rate was less than 20%, which is much less than the change 
of ≈40% observed here. The large difference is attributed to the behaviour of MA in the 
system. This can been seen from Figure 6 which shows the ∆H for the system 
MY721/HHPA as well as MY721/MA and the anhydride mixture MY721/MA/HHPA. For the 
MY721/HHPA system an increase of about 15% with increasing heating rates from 2 to 
20°C/min can be observed, while in contrast the MY721/MA system shows a significant 
decrease of 134% when varying the heating rate in the same range. The significant 
decrease of total reaction enthalpy with increasing heating rates may be attributed to the 
higher temperatures attained in these samples. It has been found that volatiles are lost at 
high temperatures and, in addition, the MA may homopolymerize [48] in the presence of 
nitrogen bases, (eg. the TGDDM structure), so providing a contribution to the total heat flow 
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that is not linked to the curing reaction. The significant shift in the baseline of the 
thermograms in Figure 5 at the higher heating rates may reflect the artefacts that confound 
the enthalpy measurements. As will be noted later, the significant differences between 
scanning DSC methods and isothermal techniques can arise from high temperature 
reaction pathways not encountered during the normal cure process.  
However, for the investigated MY721/MA/HHPA system the determined value for the total 
reaction enthalpy of gJtotH 412=∆  at a heating rate of 2.5°C/min is in good agreement to 
other reported anhydride cured epoxy-systems, ranging from gJtotH 306=∆  [49] to 
g
J
totH 389=∆  [38]. 
By use of the Freeman-Carroll relation (eq. 6) the reaction order, n , and the 
activation energy, E , could be calculated. The obtained values are listed in Table 1. The 
average values for the activation energy and for the reaction order are 3.132.113 ±=E  
kJ/mole and 2.00.2 ±=n , respectively. With the reaction order of 0.2=n , the Barrett 
relation (eq. 5) was plotted. The linear regression yielded the activation energies and the 
frequency factors, which are listed in Table 1 as well. The average of the activation energy 
and the frequency factor is 3.56.112 ±=E  kJ/mole and 6.14.27ln ±=A , respectively. 
The calculated values for the activation energies obtained by the Barrett- and the 
Freeman-Carroll relations are consistent. This is not very surprising, since the Freeman-
Carroll relation (eq. 6) is only the derivative with respect to ( )α−1ln  of the Barrett equation 
(eq. 5).  
Phenomenological methods which are independent of the reaction order, n , from 
Kissinger and Ozawa (eq. 8 and eq. 9) yielded significantly lower values for the activation 
energy: 9.69=E  kJ/mole (Kissinger, eq. 8) and 0.73=E  kJ/mole (Ozawa, eq. 9), 
respectively. However, in the derivation of these equations, several assumptions were 
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made to enable calculation of activation energies while ignoring the reaction order. 
Therefore, although the Ozawa and Kissinger methods are consistent, they are at variance 
with the values obtained by the Barrett and Freeman-Carroll relations. Such deviation has 
previously been reported [26], in the calculation of the activation energy for the 
decomposition of hexahydro-1,3,5-trinitro-s-triazine (RDX) where a divergence of up to 
46% between the methods was observed. 
The proposed method from Roger and Smith (eq. 10) yields a value for the activation 
energy of 9.57.114 ±=E  kJ/mole, which is in good agreement with the ones obtained by 
the Barrett and the Freeman-Carroll relations. The value for the frequency factor is 
1.26.27ln ±=A  (eq. 11), which is also comparable to the value obtained by the Barrett’s 
relation (eq. 5). However, in order to determine if these dynamic methods have broad 
applicability, it is important to compare activation energies with those obtained by 
isothermal methods. 
3.2 Isothermal DSC scans 
In Figure 7 the conversion of the isothermal curing reactions at curing temperatures 
of 100, 110, 120, and140°C are plotted against the curing time. The unreacted epoxide was 
determined by heating the system on completion of the isothermal run at 10°C/min to 
measure the residual heat of reaction. The conversion, α, was then determined using the 
total reaction enthalpy gJtotH 291=∆  obtained from the dynamic scans with φ =10°C/min 
(see dynamic DSC-scans). The absolute value of α is sensitive to the magnitude of ∆H, 
which as seen in Figure 6 is dependent on temperature scan rate, φ . This high 
dependence on φ  is unusual and the resulting uncertainty in α which is potentially larger 
than normally expected [16] is minimized by using the total reaction enthalpy obtained at 
the same scan rate (φ =10°C/min). From the slope of these plots it can be seen that the 
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reaction is progressing faster at higher temperatures, which is even more obvious in Figure 
8 where the rate of conversion, dtdα , is plotted as a function of the conversion, α. The 
curves in Figure 8 show a maximum in conversion rate, which is a typical indication for 
autocatalytic reactions or reactions including an autocatalytic step. 
An interpretation of the curve on the chemical level is that the increase of the reaction 
rate up to the maximum reaction rate is governed by the accelerating effect of typical 
catalysts, e.g. tertiary amines, and mainly described by the apparent reaction order for the 
autocatalytic part, m (eq. 12). Due to the absence of external added catalysts it is believed 
that the TGDDM-monomer provides the tertiary amine sites on its own structure which act 
as an internal catalyst for the anhydride ring. The decreasing slope of the curve beyond the 
maximum is dominated by the consumption of the reactive species of the mixture and 
predominately influenced by the reaction order for the non-catalytic reaction (n in eq. 12). 
The data were analyzed using the modified Kamal relation (eq. 12) by best fitting. The 
rather good agreement of the analytical model (dotted line) with the experimental data 
(solid line) was observed (Figure 8). A constant extent of reaction at the maximum rate of 
the conversion, was observed in a small scattering range between a conversion, α, of 0.29 
to 0.34. 
The obtained values for the reaction orders and the reaction rates of the Kamal 
equation, m , n , 1k  and 2k , are plotted in Figure 9 and Figure 10 with respect to the curing 
temperature. The reaction order, n , increases linearly with the curing temperature 
whereas, m, remains almost on a constant level. A similar dependency was also observed 
by Mezzenga et al. [35] for an epoxy/amine system (DGEBA/isophorone diamine), whereas 
other studies suggest that the overall reaction order ( nm + ) remains at a constant level of 
2 [50], or 1.5 [20] depending on the epoxy/amine systems. For the reaction rates, 2,1k , 
Mezzenga et al. [35] and Oh et al. [20] observed increasing values for higher curing 
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temperatures. However, in this case, just the reaction rate for the autocatalytic reaction, 2k , 
increases, whereas the reaction rate corresponding to the noncatalytic reaction, 1k , almost 
remains constant. 
The activation energy related to the autocatalytic reaction, obtained from eq. 13, is  
E2 = 60.7kJ/mole and the corresponding logarithm of the frequency factor is 2212 .ln =A . 
The subscript 2 denotes the autocatalytic part of the reaction. Even more obvious is the 
negligible contribution of the noncatalytic reaction during the complete curing reaction in 
Figure 11, where the catalytic and noncatalytic part from the Kamal equation are separated 
and plotted in comparison to experimental results. The nature of the autocatalytic curing 
reaction has not been fully validated so far. Assuming the proposed reaction path from 
Fischer, as schematically depicted in Figure 1, at any stage of the reaction both the 
anhydride and epoxy are present partly as constituents of the alkoxide and carboxylate. 
The former can react with only with anhydride and the latter only with epoxide. Hence the 
reaction does not follow simple n-th order kinetics. 
It should be noted that the kinetic parameters obtained from isothermal experiments 
are inconsistent with the values from the dynamic scans. Riccardi et al. [25] investigated 
the same differences between the isothermal and dynamic DSC measurements for a 
diglycidyl ether/ethylenediamine system. He explained the serious disagreement between 
the kinetic parameters of the dynamic and the isothermal DSC measurements with a 
change of the curing mechanism with varying curing temperature. At low temperatures, this 
experiment is comparable with the conditions of isothermal DSC measurements, where the 
autocatalytic reaction is dominant. This is also consistent with the fit of data from our 
experiments to the Kamal equation (Figure 9). At higher temperatures, comparable to the 
dynamic DSC conditions, the noncatalytic part of the reaction becomes more significant so 
that apparent n-th order kinetics is obtained. The kinetic models used for dynamic DSC 
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analysis do not separate the different kind of reaction mechanism and just deal with overall 
constants and reactions. The result is parameters that have no mechanistic meaning. 
3.3 Rheology measurements 
As expected, the initial dynamic shear viscosity value, directly after mixing and before cure 
(η*) was reduced from initially 130mPa*s to 35mPa*s with increasing cure temperature 
from 40°C to 100°C. The obtained data agree reasonable well with an Arrhenius 
temperature-dependent viscosity and thus can be described as a function as follows  
η0 (T)=4.18x10-6 exp(3.21x103/RT) as depicted in Figure 12. 
The gel times of the mixtures were determined as the crossover point between the storage 
(G’) and the loss (G’’) moduli (tan δ = 1). It is recognised that this may be limited in off-
stoichiometric systems where the frequency independence of tan δ may provide a more 
appropriate measure of gel time. A better view over the overall cure process is seen in the 
plot of the complex dynamic shear viscosity (η*) as function of curing time for different 
temperatures as illustrated in Figure 13. The time to gelation decreased significantly with 
increasing temperature, as the rate of the crosslinking reaction correspondingly increased, 
as discussed before. 
Since gelation represents a specific extent of the reaction and the gel time is 
inversely related to the rate of reaction, the gel time-temperature profile follows an 
Arrhenius-relationship, where the cure is represented by the following equation (eq. 15). 
RT
EAt rheogel −= )(ln)/1(ln  eq. 14 
 There is a linear relationship between ln tgel and the inverse of temperature for isothermal 
curing reaction. From the slope of this relationship the apparent activation energy, Ea, of the 
reaction can be calculated. In Figure 14, ln tgel, obtained from the point where tanδ=1, is 
plotted against the reciprocal temperature, giving: ln A(rheo) = -11.5 and E= 58.7±1.9 
kJ/mole. 
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The value for the overall activation energy for gelation matches reasonably well with that 
from studies of the chemical reactions measured by isothermal-DSC. 
 
4 Conclusions 
The kinetic analysis of the epoxy-anhydride system MY721/MA/HHPA by means of 
dynamic and isothermal DSC led to serious disagreement between these two methods. 
The results are not comparable because the mechanism of reaction changes with 
temperature and each measures kinetic parameters over different temperature ranges. 
In particular the analysis of the dynamic data yielded values for the total curing 
reaction enthalpy that was dependent on scan rate (at 10oC: gJtotH 291=∆ ), the reaction 
order of 2.00.2 ±=n  and the average overall activation energy of 2.85.113 ±=E  kJ/mole 
by the methods of Barrett, Freeman-Carroll and Rogers-Smith. The meaning of the order, 
n, in an autocatalytic environment at normal processing temperatures as well as the 
activation energy seem to be questionable, because the dynamic method obviously does 
not consider the equilibrium condition for the temperature at which cure normally occurs. 
Methods independent of the reaction order (Kissinger and Ozawa) are similarly not reliable 
for complex reactions ( 1≠n ). Therefore, a more detailed mechanistic analysis prior to 
computation of the reaction order, n , is necessary if dynamic methods are to be employed. 
The activation energy for the dominant autocatalytic reaction 7602 .=E  kJ/mole 
was calculated from the isothermal DSC measurements. This value is in reasonable 
agreement with the activation energy 91758 .. ±=AE  kJ/mole obtained from rheological 
measurements. The latter two methods are both isothermal and thus approach the 
processing environment in many technical applications. While many commercial DSC 
software packages enable the calculation of kinetic parameters from dynamic DSC scans, 
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the large discrepancies in extrapolating from higher temperatures and non-equilibrium 
conditions demonstrated in this system, means that isothermal methods should be 
employed for process optimization. 
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Figure 1:  Schematic mechanism of catalyzed diacid anhydride/epoxy reaction 
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Figure 2: Schematic mechanism of uncatalyzed diacid anhydride/epoxy reaction 
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Figure 3: Chemical structures of the used materials 
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Figure 4: Dynamic DSC scan (10°C/min) for pure anhydride system (only MA or HHPA) and the 
mixture (MA/HHPA =3/2 w/w) in MY721-resin system. The stoichiometric 
anhydride/epoxy ratio is r=0.8 for all systems. 
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Figure 5: Dynamic DSC scans at different heating rates (2.5, 10 and 20°C/min) of the unreacted 
MY721/MA/HHPA system, directly after mixing. 
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Table 1: Reaction order, n, and activation energy, E, calculated using the Freeman-Carroll relation 
(eq. 6). The average value of the reaction order, 02.n = , was used to calculate the 
activation energy and the frequency factor using the Barrett relation (eq. 5). 
Freeman-Carroll Relation (eq. 6) Barrett Relation (eq. 5) with 0.2=n  
Heating 
Rate φ  
[°C/min] 
Reaction 
Order, n
Activation 
Energy E  
[kJ/mole] 
Correlation 
Coefficient, 2R
Activation 
Energy, E
[kJ/mole] 
Frequency 
Factor, Aln  
Correlation 
Coefficient, 2R
20 2.3 135.1 0.9975  112.8 26.6 0.9964 
15 1.9 100.9 0.9986  107.2 26.0 0.9996 
10 1.9 114.4 0.9956  116.8 28.4 0.9998 
5 1.8 111.0 0.9985  118.8 29.7 0.9999 
2.5 2.0 104.5 0.8876  107.5 26.5 0.9994 
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Figure 6: Reaction enthalpy, ∆H, as function of heating rate for different anhydride hardeners. Molar 
anhydride to epoxy ratio, r=0.8 
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Figure 7: Isothermal conversion, α , as a function of time at curing temperatures of 100, 110, 120, 
140 and 160°C, normalized with the total reaction enthalpy of gJtotH 291=∆  obtained 
from the dynamic DSC scans at 10°C/min. 
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Figure 8: Plot of rate of conversion, dtdα , as a function of conversion, α , at curing temperatures of 
100, 110, 120, and 140°C, respectively. The solid line represents the experiment and the 
dotted line the model relation described by Kenny (eq. 12) with parameters obtained by 
best fitting. The (•) symbol is indicating the maximum rate of conversion. All curves are 
normalized with the total reaction enthalpy of gJtotH 291=∆  obtained from dynamic 
DSC scans. 
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Figure 9: Dependence on curing temperature of m and n exponents in the modified Kamal 
equation (eq. 12), as obtained by best fitting of experimental data. 
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Figure 10: Dependence on curing temperature of reaction rates 1k  and 2k  in the modified Kamal 
equation (eq. 12), as obtained by best fitting of experimental data. 
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Figure 11: Plot of the conversion rate, dtdα , as a function of conversion, α . Comparison of the 
autocatalytic and noncatalytic model contributions to the experimental results measured 
for the MY721/MA/HHPA system 
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Figure 12: Arrhenius plot of the dynamic shear viscosity  η0 vs 1/T (K) for the MY721/MA/HHPA 
system 
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Figure 13: Dynamic shear viscosity curves for different isothermal curing temperatures for the 
MY721/MA/HHPA system. The gelation point is marked with (g). 
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Figure 14: Arrhenius plot of ln (1/tgel) versus 1/T for the MY721/MA/HHPA system for determination 
of the activation energy, EA 
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